[1] Dynamic processes at sheared margins associated with the formation of sedimentary basins and marginal ridges are poorly understood. The southern African margin provides an excellent opportunity to investigate the deep crustal structure of a transform margin and to characterize processes acting at these margins by studying the Agulhas-Falkland Fracture Zone, the Outeniqua Basin, and the Diaz Marginal Ridge. To do this, we present the results of the combined seismic land-sea experiments of the AgulhasKaroo Geoscience Transect. Detailed velocity-depth models show crustal thicknesses varying from 42 km beneath the Cape Fold Belt to 28 km beneath the shelf. The Agulhas-Falkland Fracture Zone is embedded in a 50 km wide transitional zone between continental and oceanic crust. The oceanic crust farther south exhibits relatively low average crustal velocities (6.0 km/s), which can possibly be attributed to transform-ridge intersection processes and the thermal effects of the adjacent continental crust during its formation. Crustal stretching factors derived from the velocity-depth models imply that extension in the Outeniqua Basin acted on regional as well as more local scales. We highlight evidence for two episodes of crustal stretching. The first, with a stretching factor b of 1.6, is interpreted to have influenced the entire Outeniqua Basin. The stresses possibly originated from the beginning breakup between Africa and Antarctica (169-155 Ma). The second episode can be associated with a transtensional component of the shear motion along the Agulhas-Falkland Transform from 136 Ma. This episode caused additional crustal stretching with b = 1.3 and is established to only have affected the southern parts of the basin. Crustal velocities directly beneath the Outeniqua Basin are consistent with the interpretation of Cape Supergroup rocks underlying most parts of the basin and the Diaz Marginal Ridge. We propose that the formation of this ridge can be either attributed to a transpressional episode along the Agulhas-Falkland Transform or, more likely, to thermal uplift accompanying the passage of a spreading ridge to the south.
Introduction
[2] The southern African margin is a transform margin which developed as a result of the relative motion between Africa and South America along the Agulhas-Falkland Transform Fault which is conserved in the present Agulhas-Falkland Fracture Zone (AFFZ) (Figure 1 ). In general, such a sheared margin develops in three phases [Bird, 2001; Lorenzo, 1997] starting with the continentcontinent stage (rift stage) in which a continental shear zone develops, such as the San Andreas [e.g., Furlong and Hugo, 1989] or Dead Sea faults [e.g., Pe'eri et al., 2002] . Following the onset of seafloor spreading at a neighboring stretched margin segment, oceanic crust slides past the continental crust on the sheared margin, which is now in its continent-ocean shear stage (drift stage). The transform margin becomes inactive in its post shear stage, a term usually used for the southern African margin [Scrutton, 1976 [Scrutton, , 1979 . Although in this sense the AFFZ is no longer an active plate boundary, there are several indications for neotectonic processes whose causes are still under discussion (Figure 1 ) [Ben-Avraham, 1995; Ben-Avraham et al., 1995; Parsiegla et al., 2007] .
[3] The AFFZ stretches from the northern boundary of the Falkland Plateau through the south Atlantic to the southern boundary of the African continent ( Figure 2 ) and had an original transform offset of 1200 km [Ben-Avraham et al., 1997] . North of the fracture zone, the Outeniqua Basin ( Figure 3 ) consists of a set of small fault-bounded subbasins in the north and a distinctively deeper subbasin (the Southern Outeniqua Basin) in the vicinity of the AFFZ. The cause of this variability, the amount of stretching, and the structure of the crust underlying the basins and the AFFZ, are not understood. There is also an ongoing discussion about whether these basins are underlain by rocks of the Cape Fold Belt (Figure 1 ) [e.g., Broad et al., 2006; McMillan et al., 1997; Thomson, 1999] and, if so, whether the belt's structures had an impact on basin formation. As the basins are close to the AFFZ it is also possible that the shear process itself had an influence on basin geometry and sedimentation processes. Plate tectonic reconstructions [Eagles, 2007; König and Jokat, 2006; Martin et al., 1982] show that the sedimentary basins of the Falkland Plateau ( Figure 2 ) were conjugate to the Outeniqua Basin before Gondwana breakup, which leads to the question to what extent these basins have shared histories.
[4] In order to find answers to these questions and to understand the processes that shaped this margin and its structures, the Alfred Wegener Institute for Polar and Marine Research (AWI) and the Geoforschungszentrum Potsdam (GFZ) acquired seismic refraction/wide-angle reflection data along two combined onshore-offshore profiles across the southern continental margin of South Africa [Uenzelmann-Neben, 2005] (Figure 1 ). Parts of these profiles are published by Parsiegla et al. [2007 Parsiegla et al. [ , 2008 and Stankiewicz et al. [2007 Stankiewicz et al. [ , 2008 . In this study, we present both profiles at their full lengths (Table 1) and incorporate as yet unpublished data. In the following, we will refer to these combined land-sea profiles, which are part of the Agulhas-Karoo Geoscience Transect in the German-South African cooperation program Inkaba yeAfrica [de Wit and Horsfield, 2006] , as the eastern profile (AWI-20050200-GRA) and western profile (AWI-20050100-FRA) (Figures 1 and 3 ).
Geological and Tectonic Background
[5] Southern Africa experienced a 3.8 billion year long geological history of continental accretion and disassembly [Tankard et al., 1982] . Here, we restrict the review of the relevant geological and tectonic processes to the last 450 Ma, starting with the deposition of Cape Fold Belt rocks (CFB) and the Karoo Basin (Figure 1 ). The Cape Supergroup ( Figure 3 ) was deposited between 450 and 300 Ma during a series of transgression-regression cycles [Hälbich, 1993; Tankard et al., 1982] . Between 278 and 215 Ma, these strata were folded by reactivation of pan-African thrusts to form the CFB [Hälbich, 1993; Hälbich et al., 1983] . The CFB formed part of a single major fold belt that developed during the Gondwanide Orogeny, along with the Sierra de la Ventana (eastern Argentina) and Pensacola Mountains (East Antarctica) and the Ellsworth Mountains (West Antarctica) [e.g., Vaughan and Pankhurst, 2008] . The cause of this orogeny is a subject of ongoing debate. While many authors favor flat slab subduction of the proto-Pacific plate beneath Gondwana [e.g., Lock, 1980] , others find supporting arguments for collision [Pankhurst et al., 2006] or dextral transpressional scenarios [Johnston, 2000] . During late Carboniferous and early Jurassic times, the Karoo Supergroup (Figure 3 [Cole, 1992] ) was deposited in the Karoo basin, the foreland basin of the CFB. Sedimentation ended with the extrusion of basaltic lavas [Cole, 1992] to form the Karoo Large Igneous Province at 183 ± 1 Ma [Duncan et al., 1997] . This volcanism has been attributed to the Bouvet plume [Hawkesworth et al., 1999] , and accompanied the first movements between eastern and western parts of Gondwana [Eagles and König, 2008] .
[6] In mid-late Jurassic times, rifting processes started to form the horst, graben and half-graben structures of the Outeniqua Basin [Broad et al., 2006; McMillan et al., 1997] . This basin (Figure 3) consists of a complex system of subbasins separated from each other by faults and basement arches [Broad et al., 2006; McMillan et al., 1997] . The subbasins, from west to east, are the Bredasdorp, Infanta, Pletmos, Gamtoos, and Algoa basins and their deep, southern extension the Southern Outeniqua Basin (SOB, Figures 3 and 4) . Broad et al. [2006] divides the sedimentary fill of these basins into synrift and drift sequences, related to their development during a phase of active rifting that was followed by passive subsidence following the separation of the Falkland Plateau from the South African margin. The Diaz Marginal Ridge (DMR, Figure 3 ) separates the sedimentary basins from the Agulhas-Falkland Fracture Zone (AFFZ, Figures 1-3) , which is formed during right lateral strike-slip motion between South America and Africa in early Cretaceous times. Ben-Avraham et al. [1993] and Thomson [1999] show how shearing on the fracture zone caused local deformation in neighboring parts of the Outeniqua Basin.
[7] An episode of increased denudation accompanied Gondwana breakup in southern Africa, and may be related to epeirogenic uplift over an area of increased mantle buoyancy [Tinker et al., 2008] . Another denudation (uplift) episode took place between 100 and 80 Ma [Tinker et al., 2008] . Both uplift episodes were accompanied by kimberlite Figure 1 . Overview map of the investigation area with the satellite derived topography [Smith and Sandwell, 1997] showing the location of both combined onshoreoffshore seismic profiles (western profile and eastern profile) of the Agulhas-Karoo Geoscience Transect. Brown lines represent the profile location, dots in the onshore part are positions of land shots, and dots in the offshore part are positions of ocean bottom seismometers (OBS). Some shot positions (SW for the western profile and S for the eastern profile) and OBS positions are labeled for orientation. The locations of seismic land stations are not plotted in Figure 1 but can be found in Figure 5 . The Agulhas-Falkland Fracture Zone (AFFZ) is marked with a dashed white line. The Cape Fold Belt (CFB) is shown as a yellow area, and the Karoo Province (KP) is shown in light red on the map. The position of the Southern Cape Conductivity Belt (SCCB) is outlined by a blue dashed line, and the Beattie Magnetic Anomaly (BMA) is sketched by a green line (positions after de Beer et al. [1982] ). The dashed box shows the position of the detail map of the onshore geology and structure of the offshore basins ( Figure 3) . APA, Agulhas Passage; OB, Outeniqua Basin. emplacement and the formation of Large Igneous Provinces [Tinker et al., 2008] . The latter uplift phase occurred when the Agulhas Plateau Large Igneous Province formed 100-94 Ma ago [Gohl and Uenzelmann-Neben, 2001; Parsiegla et al., 2008; Uenzelmann-Neben et al., 1999] . The interplay of uplift, mantle buoyancy, igneous activity, and continental breakup has led to the present-day appearance of southern Africa and its continental margin.
Seismic Data Acquisition, Processing, and Modeling
[8] Three types of data sets were acquired along both profiles (Figure 1 ), those from (1) air gun shots recorded by ocean bottom seismometers (OBS) [Parsiegla et al., 2007 , (2) air gun shots recorded at onshore seismic stations equipped with a GPS synchronized electronic data logger and a three-component seismometer (this study), and (3) land shots (twin explosives of 75-125 kg each) recorded with seismic land stations [Stankiewicz et al., 2007] . Land shots could not be identified in the OBS records. The settings for the two profiles are summarized in Table 1 . In this study, we present a new combined onshore-offshore model of the eastern profile and compare it with results from the western profile [Stankiewicz et al., 2008] . Data examples for the eastern profile are shown in Figure 5 (see auxiliary material for more data examples) and explanations of phase names are given in Table 2 .
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[9] P wave traveltimes of air gun shots recorded at land stations, which have not been published before, were identified and added to the data sets of Parsiegla et al. [2008] and Stankiewicz et al. [2007] . Their data include P wave traveltime information from air gun shots recorded by ocean bottom seismometers and from land shots recorded at seismic land stations. We set pick uncertainties in the range from 40 ms to 150 ms, depending on the signal-to-noise ratio, and used the RAYINVR ray tracing and traveltime inversion routine of Zelt and Smith [1992] for modeling. The onshore [Stankiewicz et al., 2007] and offshore velocity-depth models were combined in a joint model of the velocity-depth structure over the continental margin of southern Africa from the Karoo basin to the Agulhas Plateau ( Figure 1 and Table 1 ). We extended this initial model with the additional data from the air gun shots recorded at land stations. The resulting velocity-depth model of the eastern profile is shown in Figure 6 . This P wave velocity-depth model consists of 6 layers, where the crust is represented by four layers (layers 1-4), and the mantle by two layers (layers 5-6). The first layer of the crust (sedimentary rocks) only exists in the offshore part of the profile. Results from seismic reflection measurements (e.g., Figure 4 ) were used to assign the thickness of this layer .
[10] The quality of our P wave velocity-depth model is assessed with the tools of RAYINVR [Zelt and Smith, 1992] . We obtained very good fits between modeled and measured traveltimes ( Figure 5 ). The modeled traveltimes of the eastern profile have an overall RMS traveltime deviation of 0.141 s and c 2 of 1.154 (see Table 3 for details Figure 2 . Map of the satellite derived bathymetry/topography by Smith and Sandwell [1997] showing the AgulhasFalkland Fracture Zone (orange line) and bordering continents. The tracks of the Shona (red lines, with filled squares [Martin, 1987] and open squares [Hartnady and le Roex, 1985] ) and Bouvet (yellow dashed lines, with filled circles [Martin, 1987] and with open circles [Hartnady and le Roex, 1985] ) hot spots are shown. In the Falkland basins (NFB, North Falkland Basin; FPB, Falkland Plateau Basin) the locations of Deep Sea Drilling Project sites [Jeletzky, 1983; Jones and Plafker, 1977] are marked with red stars, and hydrocarbon exploration drill holes are marked with yellow stars [Richards and Hillier, 2000] . AP, Agulhas Plateau; AFT, present-day position of the Agulhas-Falkland Transform; OB, Outeniqua Basin; FP, Falkland Plateau; FI, Falkland Islands; MEB, Maurice Ewing Bank.
of the statistics). Most parts of the velocity-depth model are well constrained by a good ray coverage ( Figure 7a ). Regions of low ray coverage exist between 300 and 350 km profile distance in the lower crust (layer 4), between 150 and 300 km in the upper mantle (layer 5) and at the model limits.
The model resolution was calculated at the depth ( Figure 7b ) and velocity nodes (Figure 7c ). Nodes with a resolution of greater than 0.5 (within a range of 0 to 1) are considered well resolved [Zelt and White, 1995] . This condition is fulfilled for most of the depth nodes of the model (Figure 7b , blue circles) except for small areas of low ray coverage. These poorly resolved boundary nodes are mostly found in the regions of 300-350 km (base layer 2, 3, and 4) and 660-780 km profile distance (base a V tot is the total volume of the air guns, which were used during the marine experiment. The ocean bottom seismometers (OBS) consisted of a three-component seismometer and a hydrophone. 
Seismic Refraction and Wide-Angle Reflection Results and Implications

Velocity-Depth Structure Along the Eastern Profile and Comparison With the Western Profile
[11] The first crustal layer of the P wave velocitydepth model ( Figure 6 ) represents sedimentary rocks with velocities between 1.7 and 3.4 km/s and a maximum thickness of 1.7 km in the shelf area (230-320 km profile distance). On the Agulhas Plateau (see also Parsiegla et al. [2008] for more information on this part of the profile), this sedimentary cover is thin or absent. The three crustal layers beneath the sedimentary layer differ in their seismic velocities and thicknesses in the northern part of the profile (0-290 km profile distance) compared to the southern part (350-890 km profile distance), which change over a 50-60 km wide transition zone centered on the AFFZ. Upper crustal seismic velocities are higher in the north (average 5.5 km/s) than in the south (average 5.0 km/s). A thick (up to 10 km) layer with seismic velocities above 7 km/s is observed in the lower crust of the southern part, while the lower crust in the north is characterized by average seismic velocities of 6.8 km/s.
[12] Crustal thickness (including the sedimentary layer) varies along the profile from 42 km beneath land, via 28 km in the shelf area and 8 km in the Agulhas Passage, to around 20 km on the Agulhas Plateau. Therefore, we observe distinct relief along the Mohorovièiae discontinuity (Moho); between 150 and 200 km profile distance the Moho rises from 41 km to 29 km, and between 320 and 400 km it rises again from 27 to 12 km, before descending to 22 km further south.
[13] The western profile [see also Stankiewicz et al., 2008] (Figures 1, 3 , and 6) crosses similar variations. The shelf area, however, is 2.5 times wider than that on the eastern profile. A similar onshore crustal thickness, of 40 km, is observed, albeit with slightly higher seismic velocities (6.4-7.2 km/s) in the lower part of the crust (layer 4), especially at the southward decrease in Moho depth (140-250 km profile distance, 6.4-7.4 km/ s) (Figure 6c ). Both profiles exhibit a kink in the Moho starting at about 50 to 70 km inland from the coast and extending over a length of 50 to 60 km with a height difference of 14 km. On both profiles, the transition zone between continental and oceanic crust is centered at the AgulhasFalkland Fracture Zone with a width of 50 km [Parsiegla et al., 2007;  this study].
Crustal Types Along the Eastern Profile
[14] According to the velocity-depth structure and the average velocities of the crystalline crust (Figures 6a and 6b) , the profile can be subdivided into four units from north to south. For each unit, the thicknesses given are for the complete crustal column including the sedimentary layer but, for calculation of the average crustal velocity, the sedimentary layer was removed.
[15] From 0 to 300 km profile distance, the crust is about 42 km thick on the onshore part and about [16] The region between 300 and 350 km profile distance (Figure 6b ) is characterized by the Moho's ascent from 25 to 14 km over a distance of 50 km, and an average crustal velocity of 6.07 km/s. The changes in crustal thickness and average crustal velocity across this zone classify it as a continentocean transition (COT) zone. Unfortunately, this part of the model is not as well resolved as the remainder, with higher uncertainties in the velocity structure and geometry. The subparallel western profile ( Figure 6c ) displays a COT with a similar geometry but which is better constrained [Parsiegla et al., 2007] , suggesting that the COT in the eastern profile is reasonable. The maximum width of this COT (50 km) fits within the known range from other sheared margin COTs (50-80 km [Bird, 2001] ).
[17] The crustal thickness in the Agulhas Passage varies between 6 and 10 km (350 to 435 km profile distance). Although this thickness is in the normal range for oceanic crust, the average (crystalline) crustal velocity of 6.04 km/s is at the lower limit of those reported [Mutter and Mutter, 1993; White et al., 1992] . Oceanic crust near fracture zones can be up to 50% thinner than normal, usually shows low average crustal velocities, and often lacks a normal oceanic layer 3 [White et al., 1984 [White et al., , 1992 . White et al. [1984] attribute the observed characteristics at fracture zones to modified intrusive/extrusive processes near the transform and report evidence for serpentinization. Sage et al. [1997] discussed thermal effects of the adjacent continent on crustal formation processes as an explanation for the anomalously thin heterogeneous oceanic crust at the Ivory Coast-Ghana transform margin. Similar processes could provide an explanation for the relatively low average crustal velocities south of the Agulhas-Falkland Fracture Zone. In contrast to the Ivory Coast margin, we do not observe anomalously thin oceanic crust. Having the unique setting of the Agulhas Plateau Large Igneous Province being situated south of the sheared margin, it is possible that the oceanic crust in the Agulhas Passage was originally thinner than it is today and was overprinted during the formation of the plateau, e.g., by volcanic flows migrating north of the Agulhas Plateau.
[18] On the Agulhas Plateau (profile distance 435-890 km), the crustal thickness increases again to an average of 20 km, with an average crustal velocity of 6.5 km/s. This significantly higher average crustal velocity is due to the Agulhas Plateau's 10 km thick high-velocity lower crustal body, which identifies it as a Large Igneous Province .
Crustal Stretching and Tectonic
Processes Along/Across the Southern African Margin
Calculation of Crustal Stretching Factors
[19] On the basis of our crustal velocity-depth models north of 150 km profile distance, where very little or no crustal stretching is expected (Figures 6b and 6c) , we assume initial crustal thicknesses before stretching, Tc, of 43 km for the western profile and 42 km for the eastern profile. The continental crust thins between distances 180 and 520 km on the western profile, most 
Discussion of the Observed Stretching Factors, Their Possible Implications, and Tectonic Processes Along/Across the Margin
[21] With a discussion of extension geometries in pure and simple shear regimes, Jackson [1987] showed that the accommodation of stretching factors of more than 1.7 is most likely to require more than one set of faults. Thus, the clear step in our calculated Outeniqua Basin stretching factors can be interpreted as reflecting one episode of extension in the northern subbasins and two episodes in the wider southern basin. Furthermore, it is most economical to assume that one of these episodes affected both the northern and southern basins to achieve a stretching factor of 1.6 (Figure 8 ). To account for the additional stretching in the southern Outeniqua Basin, a b factor of 1.3 has to be added.
[22] Earlier studies based on seismic reflection and well data showed that rifting in the Outeniqua Basin started in middle to late Jurassic times [Broad et al., 2006; McMillan et al., 1997] .
McMillan et al. [1997] suggested that this rifting accompanied the breakup between East Gondwana (Antarctica, Australia, India) and West Gondwana (South America, Africa) that eventually gave rise seafloor spreading in the Riiser Larsen and Weddell seas (Figures 8 and 9 (Figure 4 ). Assuming the stratigraphy of the northern parts of the Outeniqua Basin [Broad et al., 2006] can be extrapolated onto the DMR, we observe 150 to 200 m of undisturbed Cretaceous sedimentary cover over the DMR (Figure 4) . These rocks are younger than the oldest Cretaceous sedimentary rocks in the Southern Outeniqua Basin (Figure 4 ). This in turn, places the formation time of the DMR after the initial movement along the Agulhas Falkland Transform. As sedimentation and erosion rates are unknown and any drill hole control is lacking in this region, the formation time of the DMR can only be estimated within a wide time range between 130 and 90 Ma. In this time span, two formation mechanisms are discussed. One possible scenario was described by Parsiegla et al. [2007] . They suggest that the DMR was uplifted from a metasedimentary basin during a transpressional episode along the Agulhas-Falkland Transform. We modeled a similar crustal thickness beneath the DMR as observed beneath the Southern Outeniqua Basin (Figures 6b, 6c, and 8) . Therefore, it is likely that the crust beneath the marginal ridge experienced the same extensional episodes as the Southern Outeniqua Basin. This makes a setting more likely in which the crust of Figure 9 . Plate tectonic reconstruction for the main steps of the southern African margin evolution using the rotation poles of König and Jokat [2006] . We use the present-day coordinate system for orientation. The rotations were performed with respect to Africa. the DMR was first stretched and then uplifted. In this second scenario, the DMR developed when newly formed oceanic crust slid past old continental crust in the continent-ocean shear stage. With this configuration of (hot) oceanic crust and (cold) continental crust opposed across the AgulhasFalkland Transform, it is likely that a significant temperature contrast existed across the transform fault during the drift episode, especially when the spreading ridge passed. Therefore we propose that this temperature contrast could have induced a thermal uplift of the DMR. Induced thermal uplift has also been suggested for other sheared margins, e.g., the Ivory Coast -Ghana transform margin [Basile et al., 1993] , the Senja Fracture Zone (SW Barents Sea [Vågnes, 1997] ), and the Demerara Plateau (French Guiana -Northeast Brazil margin [Greenroyd et al., 2008] ). Numerical simulations of induced thermal uplift were able to model the height, extent and shape of marginal ridges realistically [e.g., Gadd and Scrutton, 1997; Vågnes, 1997] . The thin continental crust beneath the DMR could be an argument against transpression as a formative mechanism. Because of the lack of drill holes into the DMR, its composition is still unknown. A metasedimentary composition is inferred from low seismic P wave velocities in the Diaz Marginal Ridge [Parsiegla et al., 2007] and evidence that Cape Supergroup rocks underlie parts of the Outeniqua Basin [McMillan et al., 1997] . Such a composition is consistent with that of the Ivory Coast marginal ridge, the only marginal ridge which was drilled so far .
Comparison Between Crustal Stretching and Formation of the Outeniqua and Falkland Basins
[24] During the rifting period (Figure 9 ) of the sheared margin the future Outeniqua Basin was situated opposite the Falkland Plateau [e.g., Martin et al., 1981 Martin et al., , 1982 . Knowledge of the development of the plateau is complicated by the proposed rotation of a Falkland Islands plate [e.g., Adie, 1952; Storey et al., 1999] that dates from 178 to 121 Ma [Stone et al., 2008] fieldbased study of the Gastre Fault reported no evidence for dextral shear, but for downfaulting. Plate tectonic reconstructions, which do not incorporate shear motion along the Gastre Fault, showed the Falkland Plateau Basin as a southern extension of the Outeniqua Basin [Eagles, 2007; Martin et al., 1982] . This seems to be supported by dating of the oldest sedimentary rocks at Deep Sea Drilling Project (DSDP) sites 327A (leg 36), 330 (leg 36) and 511 (leg 71) on the eastern flank of the Falkland Plateau (Figure 2) to Kimmeridgian/Oxfordian times [Jeletzky, 1983; Jones and Plafker, 1977] . As neither the DSDP sites, nor the drill holes in the Outeniqua Basin sampled the oldest rift sedimentary rocks in the basins, it is very likely that rifting in these basins started already in midJurassic times.
[25] Recent 3-D gravity modeling on the Falkland Plateau revealed a crustal thickness of between 19 and 23 km on the Falkland Plateau Basin , a range that includes our determination of the crustal thickness beneath the Southern Outeniqua Basin (21 km; Table 4 ). If we take the same initial crustal thickness of 43 km as proposed for the Outeniqua Basin, it is not surprising that these thicknesses imply stretching factors of between 1.9 and 2.3, similar to those that we have calculated for the Southern Outeniqua Basin (1.8-2.1). Hence, it seems likely that the Falkland Plateau Basin experienced the same two extensional episodes as the southern extent of the Outeniqua Basin.
Evolution of the Margin
[26] Rifting started to form the Outeniqua and Falkland Plateau Basins in mid-late Jurassic times ( Figure 9 ). Shear motion along the Agulhas-Falkland Transform can be considered as the cause of additional stretching in the southern parts of the Outeniqua Basin in early Cretaceous times (Figure 9 ). These two episodes formed a large basin during the breakup of Gondwana and through the early continent-continent shear stage of West Gondwana breakup ( Figure 9 and Table 5 ).
[27] Most important for the evolution of the southern African margin from 136 Ma onward was the development of the Agulhas-Falkland Transform Fault (and later its remnant structure, the AFFZ , 1997] suggest that the CFB underlies the Outeniqua Basin, raising the question of whether the transform is a reactivated Gondwanide orogenic structure. Johnston [2000] showed a model for the formation of the CFB during dextral transpressional processes suggesting that structures suitable for reactivation in a strike-slip mode existed in this region well before early Cretaceous times. However, the azimuths of Johnston's proposed structures are not consistent with the development of an NE-SW directed shear along the intracontinental Agulhas-Falkland Transform about 100 Ma later. If a preexisting structure is to be invoked, then, it may be that one has to look back to before the Gondwanide orogeny. Jacobs and Thomas [2004] suggested that shear zones may have developed in the region during lateral escape tectonics related to the East African-Antarctic orogen. Another possibility is the reactivation of an old trench-linked strike-slip fault as a very deep seated fault type with high preservation and reactivation potential [Woodcock, 1986] .
[28] But why was such a large-scale transform possible in the first place? We have already looked at the possibility of zones of lithospheric weakness formed during southern Africa's billions of years history of continental accretion and dispersal. Additionally, the sites of original breakup may have been influenced by the presence and action of plumes (e.g., that forming the Karoo Large Igneous Province [e.g., Duncan et al., 1997; Ernst and Buchan, 2002] ). Plume activity possibly weakened the lithosphere enough for the reactivation of preexisting faults into an intracontinental, and later ridge-offset, transform ( Figure 9 ).
[29] The formation of the Diaz Marginal Ridge can be tentatively dated to between 130 and 90 Ma (this study). Either a transpressional episode along the Agulhas-Falkland Transform or a temperature difference across the transform (Figure 9 ) caused its uplift.
[30] At about 100 Ma the spreading ridge was approximately located at the western margin of the present-day Agulhas Plateau. This oceanic plateau has been identified as a Large Igneous Province (LIP) [Gohl and Uenzelmann-Neben, 2001; Uenzelmann-Neben et al., 1999] ( Figure  9 ). The development of this LIP can be related to the location of the Bouvet triple junction on its southwestern edge and the activity of the Bouvet plume . During the 6 Ma formation time this massive volcanism had a great impact on crustal generation south of and possibly in the Agulhas Passage. Contemporaneous uplift of southern Africa (100-80 Ma [e.g., Tinker et al., 2008] ) and the injection of kimberlites (108-74 Ma [e.g., Kobussen et al., 2008] ) can be interpreted as indications that these mantle processes had an influence even further north.
[31] The beginning of the postshear phase of the margin, the present state of the southern African continental margin, can be estimated at 84 Ma. From this time onward active parts of AgulhasFalkland Fracture Zone system (i.e., the transform itself) where not longer opposite the African continent but had moved to the west. Spreading ridge jumps in the South Atlantic at about 61-64 Ma [Barker, 1979; Marks and Stock, 2001] and 60-58 Ma [Barker, 1979] caused a significant reduction of the transform offset and led to its present ridgeridge offset of about 290 km. Neotectonic activity at the Agulhas-Falkland Fracture Zone was identified [Ben-Avraham, 1995; Parsiegla et al., 2007] and may be an expression of lithospheric weakness along the Agulhas-Falkland Fracture Zone acting to accommodate the uplift of southern Africa.
Comparison With Other Transform Margins
[32] Observations from other transform margins have shown that deep sedimentary basin on their continental side, followed by a marginal ridge and the continent-ocean fracture zone, is characteristic [Lorenzo, 1997] . This is consistent with our observations from the southern African margin. Comparing the various sheared margins in the world (Figure 10 ), structures of sheared margins are more miscellaneous. The structures found at a transform margin depend on the stage of its development.
[33] An example of a margin in the active continent-ocean shear phase is found at the Queen Charlotte margin in western Canada (Figure 10 ). At this margin, a significant component of convergence has occurred in addition to the strike-slip process. This transpressional regime causes underthrusting of the Pacific Plate beneath the North American Plate [Prims et al., 1997] . The accretion of marine sediments led to the development a sedimentary wedge (the Queen Charlotte Terrace) on the Pacific Plate, and the Queen Charlotte Trough formed because of the load onto the North American Plate [Prims et al., 1997] . In contrast to the common characteristics of sheared margins described by Lorenzo [1997] , no uplifted marginal ridge is found here, but uplift influenced the continental side of the margin by forming the Queen Charlotte Islands. The sedimentary wedge at this margin is not common at other sheared margins. The deep basin is a result of flexure instead of rifting as observed for the Outeniqua Basin of the southern African margin.
[34] The southwest Newfoundland margin is another example of a unique transform margin because oceanic crust overlays thinned continental crust for the parts of the margin investigated by Todd et al. [1988] . In spite of this complexity, Todd and Keen [1989] modeled the thermal uplift as a result of lateral conduction from oceanic to continental lithosphere along the Newfoundland margin. They found that frictional heating due to shear processes only plays a secondary role in this scenario. The zone of uplift at the Newfoundland margin (60-80 km [Todd and Keen, 1989] ) is broader than at other sheared margins such as the Exmouth Plateau (30 km) and the southern African margin (40 km). In general, the uplift is most likely restricted to a region of <100 km distance from the continent-ocean transform. Transpression as uplift mechanism is only observed at a few transform margins, e.g., the Queen Charlotte margin, while conduction (with or without flexural coupling between continental and oceanic lithosphere) can be considered as the major driving mechanism for uplift at the continental side of a continent-ocean transform, e.g., the south Newfoundland [Todd and Keen, 1989] , the Ivory Coast [Basile et al., 1993] and the northern Falkland [Lorenzo and Wessel, 1997] margins.
[35] In the case of the southern African margin, this discussion sheds more light on the mechanism that formed the Diaz Marginal Ridge. This study shows that the formation time of the ridge makes thermal uplift (i.e., heat conduction) and transpressional scenarios possible. A comparison with the typical features of a strongly transpressional margin, the Queen Charlotte margin, with underthrusting and a thick sedimentary wedge on the oceanic side of the margin shows that the lack of such characteristics at the southern African margin is an indicator that the influence of conduction exceeds transpression. The thin crust beneath the Diaz Marginal Ridge and the observed P wave velocities, indicating slight metamorphosis, are further arguments against the domination of a transpression mechanism.
Conclusions
[36] Two combined land-sea velocity-depth models, derived from seismic refraction/wide-angle reflection data of the Agulhas-Karoo Geoscience Transect, and seismic reflection data were presented in this study. They provide new insights into the crustal structure of southern African continental transform margin ( Figure 6 ) and provide conclusions about the nature and timing of the related tectonic/geodynamic processes ( Figure 9 and Table 1 ).
[37] Both profiles cross continental, stretched continental, transitional and oceanic crust. From crustal thickness information of unstretched and stretched continental crust, we calculated crustal stretching factors in the Outeniqua Basin which provide important indications to understand the basin formation. Stretching factors lower than 1.7 are interpreted to be the result of an episode of crustal extension which was attributed to the rift stage of the basin. This was possibly initiated by stresses associated with the breakup between Africa and Antarctica. This episode had influence on the whole Outeniqua Basin and the conjugate Falkland Plateau Basin. A second stretching episode, possibly related to shear motion along the Agulhas Falkland transform system starting in Valanginian times, is hinted at by stretching factors >1.7 in the southern parts of the Outeniqua Basin and Falkland Plateau Basin.
[38] The crustal velocities in the Diaz Marginal Ridge and its sedimentary cover are used to discuss two models of its formation. A transpressional episode or a temperature difference across the transform may have been responsible for the uplift of the Diaz Marginal Ridge. The hypothesis of a thermal uplift is a more likely cause because similar stretching factors in the Southern Outeniqua Basin and Diaz Marginal Ridge suggest a common stretching history. Lacking evidence of transpressional features at the southern African margin, e.g., underthrusting, constitutes another point in favor of thermal uplift.
[39] As the formation of the Agulhas-Falkland Transform is important for the margin's evolution we discussed if it is a Cretaceous feature or related to older tectonic processes. Even with our new high-quality data, the question of whether the Agulhas-Falkland Transform exploited a preexisting zone of crustal/lithospheric weakness cannot be conclusively answered. However, supercontinent amalgamation and dispersal processes together with plume activity in this region provide scenarios which make reactivation more likely than a first formation in the Cretaceous.
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